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Abstract. The effects of trace boron on microstructure and mechanical properties of β type 
Ti-9V-3Al-3Cr-3Zr-3.5Mo (wt. %) alloy have been investigated in this study. Upon the addition of 
0.02 wt. % boron, the grain size of the B-modified alloy was almost four times smaller than that of the 
B-free alloy. Accordingly, the tensile strength and elongation of B-modified alloy increased from 
712 MPa and 14.6 % to 813 MPa and 17.9 %, respectively, mainly due to the effect of grain 
refinement. 
Introduction 
Titanium alloys have already been widely used in many fields, such as aircraft, chemical industry, 
ship products, medical instruments etc., owing to their high strength, low density and excellent 
corrosion resistance [1]. Further developments are still needed for their potential applications in some 
rigorous environments, for example at elevated temperature or cryogenic conditions. Among the 
processes and techniques improving their properties, grain refinement is almost the best way to 
improve the strength and the ductility simultaneously. 
Previous investigations have demonstrated that adding trace boron is an effective way to achieve 
the grain refinement in titanium alloys. The γ based titanium aluminides, which are potential light 
high-temperature structural materials, are ordinarily brittle at room temperature. However, the 
addition of boron will refine the grain size for an order of magnitude and improve the mechanical 
properties by stabilizing the lamellar structure and suppressing the formation of metastable feathery 
structure and widmanstatten structure [2-4]. On the other hand, the grain refinement by trace boron 
addition has also been found in α or α+β type titanium alloys [5-9] through the formation of TiB 
precipitates. The B-modified as-cast Ti-6Al-4V (wt. %) could be hot rolled to 75 % reduction in 
thickness without producing any crack. Additionally, there are also some reports on the boride layers 
at the surfaces of titanium alloys, which exhibit high hardness, excellent wear resistance and even 
better oxidation resistance [10-12]. 
However, as far as we know, there are very limited investigations on the effect of trace boron on β 
type titanium alloys up to now. It is not clear whether the effect of grain refinement will still exist, and 
how about the mechanical properties after the addition of trace boron. The present study had been 
carried out to address these issues. In this work, 0.02 wt. % boron was added into a new β type 
titanium alloy Ti-9V-3Al-3Cr-3Zr-3.5Mo (wt. %), and their microstructures and mechanical 
properties were investigated. 
Experimental Procedures 
The starting materials for the alloys were sponge titanium (99.65%), aluminum (99.99%), vanadium 
(99.99%), chromium (99.99%), zirconium (99.99%), molybdenum (99.99%) and boron (99.99%). 
The sponge titanium was firstly melted into bulk before preparing alloys. Button ingots of about 40 g 
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were prepared by a non-consumable arc-melter under the protection of argon atmosphere. To ensure 
homogeneity, they were melted six times with inversion and the electromagnetic stirring was used 
during arc-melting. The obtained ingots were homogenized at 1000  for 24 hours. Then they were 
hot rolled to plates of about 1.2 mm thickness, with the reduction more than 90 %. After specimens 
were cut from the thin plates by electro-discharge machine, solution treatment was conducted at 
900 , following by quenching into ice water. 
The phase structure was identified at room temperature by using X-ray diffraction (Panalytical 
X’pert PRO with Cu Ka radiation). The specimens for microstructure observation were ground, 
polished and etched in a solution composed of 20 vol. % HF, 10 vol. % HNO3 and 70 vol. % H2O. The 
microhardness of the samples was determined on a Micro Hardness Tester HMV-1/2(T) with an 
average value of five data. The specimens for tensile test were dumbbell shape with gauge section of 
30×3×1 mm. And the tensile test was performed using a Galdabini Sun 2500 machine at a crosshead 
speed of 0.5 mm/min. The tensile direction is parallel to the rolling direction. 
Results and Discussion 
Fig. 1 shows the XRD patterns of B-free and B-modified alloys after solution treatment. It can be seen 
that the peak positions are exactly same, and only some differences exist on the diffractive densities, 
which should be resulted from the textures after hot rolling. After indexing, single β phase is present 
for the both two alloys. Therefore, it can be concluded that the crystal structure is not changed with the 
addition of 0.02 wt. % boron. Additionally, the diffraction peaks of expected TiB precipitates could 
not be detected from XRD pattern, probably due to their little volume fraction of about 0.1 %, as has 
been reported in ref. [9]. 














































































Fig. 1 XRD patterns of B-free and B-modified alloys after solution treatment 
The optical micrographs of B-free and B-modified alloys after solution treatment are shown in 
Fig.2. It has been reported [9] that a volume fraction of 0.1 % TiB precipitate will be formed around 
grain boundaries upon the addition of 0.02 wt. % boron. Although the TiB precipitates could not be 
clearly observed in the micrographs (Fig. 2B), the reduction of grain sizes is obvious. The average 
grain size of B-free alloy is about 200 µm, as shown in Fig. 2A. With the addition of 0.02 wt. % boron, 
the grain size changes to about 50 µm, and many sub-boundaries also exist. Therefore, the grain 
refinement of boron is still existed in β type titanium alloys. There may be two primary reasons for the 
refinement of grain size. First, boron served as heterogeneous nucleation sites during the 
solidification process. It suppresses the grain growth by increasing the rate of nucleation, and 
therefore resulting in small grains. Secondly, the solubility limit of boron in titanium alloys is 
extremely low. TiB precipitates will be formed among grain boundaries [13-14]. These TiB 
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precipitates will serve as obstacles to the grain growth via Zener pinning during the subsequent 
hot-working process, such as hot-rolling and heat treatment etc. As we know, the grains of β type 
titanium alloys would increase rapidly at elevated temperature. It seems that the addition of boron is 
an effective way to suppress the grain growth of β type titanium alloys at high temperature, extending 
the application range of β type titanium alloys. 
 
      
Fig. 2 Optical micrographs of B-free (A) and B-modified (B) alloys after solution treatment 
 
Fig. 3 shows the engineering stress-strain curves of B-free and B-modified alloys after solution 
treatment. It can be seen clearly that B-modified alloy exhibits both higher tensile strength and larger 
elongation, as compared with those of B-free alloy. Specially, tensile strength increases from 712MPa 
to 813 MPa, and tensile elongation increases from 14.6 % to 17.9 %. As we know, three mechanisms, 
i.e. solid-solution strengthening by boron element, dispersion strengthening by TiB precipitates, and  
fine-grain strengthening, may exist for the increase of strength and ductility. Since the solubility of 
boron element in titanium alloys is extremely low, it is believed that the grain refinement should be 
the primary factor. The microhardnesses of B-free and B-modified alloys are measured to be 278 HV 
and 290 HV, respectively, consistent to the results of tensile tests. 
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Fig. 3 Engineering stress-strain curves of B-free and B-modified alloys after solution treatment 
 
Fig. 4 shows the SEM microscopy of the fracture surface of B-free (A) and B-modified (B) alloys 
after tensile test. The fracture surface of the two alloys both show clear ductile cup and cone features 
on a fine scale, suggesting a typical fracture of micropore aggregation. Specially, the dimples are 
deeper and the deformation regions are larger on the fracture surface of B-modified alloy, as 
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compared with those of B-free alloy, implying a further improvement in ductility. This is also 
consistent to the results obtained from tensile tests. 
         
Fig. 4 SEM microscopy of the fracture surface of B-free (A) and B-modified (B) alloys after 
tensile test 
Conclusions 
The grain refinement by trace boron addition in a β type Ti-9V-3Al-3Cr-3Zr-3.5Mo (wt. %) alloy is 
confirmed in this study. Upon the addition of 0.02 wt. % boron, the grain size of the B-modified alloy 
was almost four times smaller than that of the B-free alloy. Accordingly, the tensile strength and 
elongation increased from 712 MPa and 14.6 % to 813 MPa and 17.9 %, respectively, mainly due to 
the effect of grain refinement. 
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